a Changes in both formaldehyde legislations and voluntary requirements (e.g. Germany RAL) are currently the driving factors behind research on alternatives to amino-based adhesives; moreover, consumer interest in healthy and sustainable products is increasing in bio-based adhesives. Sources of formaldehyde emissions in wood-based panels as well as different emission test methods have been discussed, and the main focus of this review is on the research conducted on sustainable bio-based adhesive systems for wood panels.
Introduction
The wood panel industry uses almost exclusively synthetic, petroleum-derived thermosetting adhesives, which are mainly based on the reaction of formaldehyde with urea, melamine, phenol, or co-condensates. 1 The low-cost and good adjustable properties of these adhesives have made it difficult for new biobased alternatives (e.g. lignin, tannin, starch, protein) to enter this market. Sustainable adhesives should not only be available at low costs, but also need to be easily distributable, fast reacting, and have a long pot life. 1 The mechanical strength of manufactured panels and especially their moisture tolerance are additional crucial parameters the new, bio-based adhesives have yet to full satisfactorily. 2 There are two main factors driving the trend to move away from using formaldehyde-based synthetic resins for woodbased panel manufacturing: formaldehyde emissions and sustainability of raw materials and nal products. In the panel industry, sustainability and petroleum independency cannot, as of yet, justify the increase in cost due to new bio-based adhesives. Thus, concern about formaldehyde emissions from panels, especially in indoor applications, is currently the most important driving factor. 3 Legislations concerning both work environment and nal product emissions have steadily become stricter over time. In 2004, the International Agency for Research on Cancer (IARC) re-classied formaldehyde from "probable human carcinogen" to "known human carcinogen". 4 The California Air Resources Board (CARB) also formulated regulations with new limits for formaldehyde emissions from composite wood products. 5 It is unclear how the limits of Venla Hemmilä is an industrial PhD student researching lignin adhesive systems and developing crosslinkers for them. She is also employed by furniture manufacturer IKEA Industry AB as project leader for projects related to adhesive development, quality, and formaldehyde emissions.
formaldehyde emissions for wood panels will change in different parts of the world in the future. The wood-based panel industry has so far reacted by applying appropriate formaldehyde scavengers (catchers) by developing low-emission melamine fortied urea-formaldehyde (MUF) adhesives and by employing other synthetic or bio-based adhesives that do not contain formaldehyde. As a volatile organic compound (VOC), most of the formaldehyde is normally emitted from panels during production. There are two formaldehyde sources when producing wood panels: formaldehyde that might be contained in the adhesive and that in the wood material itself. The emissions can be reduced by either using formaldehyde scavengers or by decreasing free formaldehyde in the adhesive and number of formaldehyde emitting groups during and aer curing (e.g. reducing formaldehyde/urea molar ratio). 2 The most typical scavenger for wood-based panels is urea, but other compounds like ammonia and ammonium salts can also be used. 6 They can be added directly to the synthetic resin or wood particles. Some organic scavengers, such as tannin powder, wheat our and charcoal have also been shown to reduce formaldehyde emissions. 7 By loading urea onto the nano-mesoporous structure of an inorganic additive (diatomaceous earth), an improved scavenging function of urea has been shown. 8 Additionally, various types of carbon based nanomaterials such as activated nanocarbon, carbon nanotubes, exfoliated graphite nanoparticles are used as formaldehyde adsorbents in formaldehyde-based adhesives.
9-12
Synthetic diphenylmethane diisocyanates (MDIs) offer non-formaldehyde emitting solutions for panel producers. The most commonly used MDI for panel production is polymeric MDI (pMDI). The produced panels have better mechanical (i.e. stiffness) and physical (resistance towards humidity) properties. 2 In North America, MDIs are commonly used for construction panels (oriented strand board, OSB) and to some extent for other panel types such as particleboards (PBs), high density breboards (HDFs) and medium density breboards (MDFs). Using MDIs for these boards is possible because their cost, with reduced application amounts, is comparable to that of melamine fortied ureaformaldehyde adhesives (MUFs). However, in Europe, prices for MDIs exceed those for UFs and MUFs. Also, extra safety control is required due to toxicity of isocyanate during production. This makes transition to the use of MDIs slower and is thus more difficult to implement on a large scale in Europe. Except for lower adhesive amounts, MDIs offer no clear advantage with respect to sustainability or environmental friendliness in panel products. "Bio-based product" is dened as "a commercial or industrial product (other than food or feed) that is composed, in whole or in signicant part, of biological products or renewable domestic agricultural materials (including plant, animal, and marine materials) or forestry materials". 13 Only a few bio-based industrial adhesive products exist for panels, and these have a high cost. They can be used to produce premium priced panels, but so far, they are not economically feasible for mainstream panel production. For these adhesives and for the ones still in development, a synthetic cross-linker is usually required to reach the required properties at reasonable cost. Soy protein is among the rst bio-based adhesives to be launched commercially for plywood manufacturing, and the most promising research is around different kinds of proteins.
14 Although in limited capacity, industrial applications also exist for panel adhesives based on tannin and starch. Lignin-based adhesives are also of interest as new types of bio-reneries increasingly bring new types of lignin to the market.
This article presents a review of the research undertaken on various bio-based adhesive systems usable for wood panels as alternatives to existing amino-based thermosetting adhesives. The rst part focuses on the structure and availability of different sustainable raw materials that can be used to formulate adhesives, such as lignin, starch, protein and tannin, as presented in Table 1 . 15 The second part focuses on the suitability of these raw materials as adhesives. Bio-based adhesives tested on veneer and solid wood are included, as this testing approach is quite common in the initial stages of wood-based panel adhesive development. Future prospects of promising adhesives for the wood-based panel industry are also given, taking into account recent opportunities and challenges caused by emerging bio-reneries and food shortage policies.
Wood-based panels (WBPs) and adhesives
Wood-based panels (WBPs) are composite products manufactured by effective bonding of wood materials (bers, akes, particles, chips, wood powder, veneers, etc.) with various adhesives. WBPs are classied by usage for structural or nonstructural panels, to the exterior or interior grade panels, and by the type of wood and materials used ranging from ber-boards to laminated beams. Maloney (1977) 16 classies WBPs according to the type of raw materials used and process of manufacturing (dry and wet). Further, he proposes the division of panels according to their density and specic gravity, as shown in Fig. 1 .
Urea-formaldehyde (UF) resins are extensively used as adhesives in the production of WBPs like medium density berboards (MDFs), particleboards and plywood. MDFs and particleboards consume 68% of UF resins produced in the world, while 23% is used in plywood manufacturing. Other types of adhesives predominantly used in the manufacturing of WBPs are phenol-formaldehyde (PF), melamine-urea-formaldehyde (MUF) and polymeric 4,4-diphenylmethane diisocyanate (pMDI). These synthetic Table 2 .
Formaldehyde emissions from WBPs
WBPs and ooring materials are the main sources of formaldehyde emissions inside buildings. 18 Various WBPs like particleboards, plywood, medium density breboards and high density breboards have become increasingly popular and are being used for manufacturing of furniture, cabinets and various building products. These products are mainly bonded with formaldehyde-based adhesives (UF, MUF and phenolformaldehyde), which are the primary sources of formaldehyde. UF resin has the highest formaldehyde emission rate because it contains a large amount of incompletely cured UF, which results in free formaldehyde aer the hydrolysis of the cured UF resin. 19 However, formaldehyde release can also be reduced by adding formaldehyde-binding substances ("scavengers") to the resin, such as formaldehyde-binding paraffin 20 or by adding urea, propylamine, methylamine, ethylamine, and cyclopentylamine solution to the UF resin. 20 It has been shown that within a certain range of molar ratios, there is an almost linear relationship between molar ratio, formaldehyde release and extractable formaldehyde content. A decrease in formaldehyde content in the resin leads to a decrease in formaldehyde emission rate in the nished product.
21
Different factors are associated with formaldehyde and VOC emissions from WBPs. During particleboard production, formaldehyde emissions increase with pressing temperature and time, mat resin content and moisture content, and board density. 22 It is also stated that VOCs increased with pressing temperature linearly. This increase in VOC emission is mainly due to the increase in emissions of terpenes and aldehydes. A linear relationship of formaldehyde emissions with pressing temperature also exists. 23 Temperature and humidity can inuence formaldehyde emissions from WBPs that are produced using UF-type adhesives. 24 For example, when increasing the temperature from 25.2 to 50.6 C, the initial emittable formaldehyde from dry building materials is increased signicantly by about 507%. 25 In general, formaldehyde emissions from WBPs can be inuenced by exogenous and endogenous factors. 26 The exogenous factors include temperature, humidity, air movement over the panel surface, air change rate and local formaldehyde concentration within the space where the material is placed. The endogenous factors include wood species, moisture content of wood material, type and chemical composition of the adhesive binder used, additives (e.g. catalysts and formaldehyde scavengers), arrangement of multi-layer board, surface treatment, density of the board and manufacturing conditions (e.g. temperature and duration of the hot pressing process). 27 There is a small amount of free formaldehyde in the liquid resin (generally less than 0.1%), which is used during cross-linking of the resin. Free formaldehyde is present in various forms in the manufactured panel. It can react with moisture present in the wood to form methylene glycol, polymethylene glycol, polyoxymethylene hemiacetal, etc., and can undergo labile binding to the wood or to the polymer resin. 27 Free formaldehyde will in time migrate and be released to the environment, especially under high temperature and when exposed to a well-ventilated environment.
26 Table 3 provides an overview of the different international standards used for calculation/estimation of formaldehyde emissions.
European panel producers prefer the perforator method (EN 120) as a quality control method due to the very short testing time (2.5 h), cheap equipment, and available data. However, toluene used is a concern for the work environment and the correlation to chamber methods is poor (R 2 ¼ 0.8731). 28, 29 The perforator measures formaldehyde content, while most legislations focus on emissions. Desiccator (JIS A 1469, JAS 233, GB 18580) is an emission method with cheap equipment, but the testing time is longer (24 h testing and seven days preconditioning). Flask method is another quick and inexpensive emission measurement method, but accuracy and correlation to the chamber methods are difficult to achieve due to small sample sizes, no air exchange, and high relative humidity (correlation to 1 m 3 chamber is R 2 ¼ Table 3 can lead to signicant differences between chamber test methods. 4. Sustainable resources for adhesives for WBPs
Lignin
Historically, most of the available lignin comes as a by-product of the pulping process. These lignin derived fragments have low value and usually serve as fuel for the recovery boiler of pulp and paper mills. They are very heterogeneous in their structure with structural units that range from almost native to highly degraded. 30 The structure of lignin plays a key role in the required modications and crosslinking to allow for better adhesive properties of the derived adhesive. Commercial lignin types from different processes are divided into two main categories (Fig. 2) . Sulfur containing lignin (mainly kra lignin found in the black liquor of kra pulping process and lignosulfonate lignin in the sulphite liquor of sulte pulping process) and non-sulfur biorenery lignin (soda, organosolv, steam explosion, hydrolysis, diluted acid, pyrolytic, high-pressure rening, ammonia-ber-expansion lignin, etc. There is a big difference in properties and water solubility of lignin derived from different processes. Lignin residue from sulfur-free extraction processes, such as all alkaline processes, is typically of relatively high quality. It has higher amounts of functional groups than sulfur lignin as the treatments are milder. 39, 40 However, detailed structural information is still missing for most types of biorenery lignin. The suitability of a lignin type for incorporation into phenolic adhesives is partly dened by the presence of chemical features that can be involved in polymerization reactions; the two most important being the phenolic hydroxyl and aliphatic hydroxyl groups. Phenolic hydroxyl groups increase the reactivity of lignin towards formaldehyde due to activation of the aromatic ring in o-position and provide the possibility to form quinone methide intermediates, which could be a starting point for further condensation with other phenolic units. 39, 41 Kra lignin is water-insoluble and mostly solvent-insoluble except for in highly alkaline environments (pH > 11). Soda lignin and organosolv lignin are also essentially water-insoluble, while lignosulphonates are water-soluble in the presence of a suitable counter ion. 42, 43 Biorenery lignin is expected to be available in larger amounts in the future as a result of the growth in biomass-to-biofuel and biomass-to-sugar conversion industries. Oxidative ways of turning biorenery lignin into valuable platform chemicals, which can later be turned into adhesives, has been reviewed by Ma 
Tannins
Tannins occur naturally in bark, wood, leaves and fruits of plants. Tannins are used in various industrial applications, mainly in the manufacturing of inks, textile dyes and as a corrosion inhibitor. Although tannin occurs in many plant species, only a few have high enough concentration to make its extraction worthwhile. Tannin can, for example, be extracted from pine, quebracho, oak, chestnut, wattle, eucalyptus, myrtle, maple, birch and willow. 46 Different extraction methods are used, the most common ones being maceration, Soxhlet extraction supercritical CO 2 and percolation. Other rare techniques such as microwave and ultrasound assisted extraction has also been studied to increase tannin yield. 47 The extraction method affects adhesive properties of tannin extracts. The extraction agent affects degree of polymerization, sugar concentration and number of functional groups (e.g. hydroxyl groups). 48, 49 In the extraction solution, other components such as starch, polymeric carbohydrates and amino acids are also present. Purication steps to remove other components are typically not performed at an industrial scale, and tannin is typically sold as spray dried powders.
1
Characterization of plant tannin is done by using matrixassisted laser desorption/ionization time-of-ight (MALDI-TOF), FTIR spectroscopy and nuclear magnetic resonance (NMR) spectroscopy. 49 Tannins are loosely divided into two main categories based on their phenolic nature: condensed and hydrolysable tannins (Fig. 5) .
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Condensed tannins, as their name suggests, possess a condensed and complex chemical structure made of hydroxylated C-15 avonoid units with variations in the sites at which bonds between avonoid units are formed. In the basic structure of condensed tannin, the A-ring can be of a resorcinol or phloroglucinol type and the B-ring of pyrogallol, catechol or sometimes phenol type. Catechol is the only B-ring structure capable of cross-linking. Phloroglucinol tannin type is obtained in low yields during extraction of most pines and has higher reactivity than resorcinol type towards formaldehyde, leading to short pot lives. Condensed tannins with a low degree of polymerization are soluble in polar solvents, and those with high degree of polymerization are soluble in dilute alkali solutions.
51
Certain condensed tannins, such as from quebracho and wattle, are produced commercially from wood and bark and have been used to make wood adhesives since the 1970s. The polycyclic structure of condensed tannins leads to fast curing rates but also to high viscosity of adhesives.
1
Hydrolysable tannins, as well as gallotannins and ellagitannins, are esters of carboxylic acids and sugars. Gallotannins are polymeric esters of gallic acid and normally associated with sugars. However, a study by Pizzi et al. 52 shows that some of them do have an extensive polymeric structure based on pentagalloyl glucose repeating units. Hydrolysable tannins are readily soluble in water and easily hydrolyzed, resulting in benzoic acid derivates and sugars. In the natural state, hydrolysable tannins allow a low level of phenol substitution and have low nucleophilicity.
Proteins
The most common source of proteins is the mechanical or solvent extraction of oils, soy, palm, canola, cottonseed and sunower oils making up the biggest markets. In Europe, protein from wheat gluten is also widely available as a byproduct from bioethanol production. 53 Other sources of proteins are zein from maize seeds, 54 casein from milk and animal blood and feather. Soybeans are the largest single source of edible oil and account for approximately 52% of the total oil seed production in the world, USA and Brazil accounting for most of it. Soybean seed processing includes cleaning, drying, cracking, de-hulling, aking and extraction of oil by using hexane. Around 4.5 tons of soybean meal is produced for each ton of crude soybean oil. The protein content of this soybean meal is around 44-50%, which is typically higher than that of the oil. 55 The residual soybean meal is used for production of soy our (SF), soy protein concentrates and soy protein isolates (SPI). Soy our is the cheapest option but also the one with the lowest protein content. The most commonly produced isolates have a protein content of 80-90%. Protein content greatly affects the properties of the nal adhesive. The adhesive performance of soybean proteins is also affected by particle size, nature of the surface, structure of the protein, viscosity and pH. 56 The high viscosity of soybean proteins results from increased intermolecular interactions due to uncoiling of molecules. Ionic environments weaken these electrostatic interactions, so treatment with salts or reducing agents can reduce viscosity without affecting adhesive strength. Other ways to reduce viscosity include enzymatic or alkaline hydrolysis. High pH increases rate of hydrolysis and consequently increases adhesive strength and water resistance, but shortens pot life. The optimal viscosity of the binder varies according to material to be glued.
57
Proteins are complex macromolecules consisting of amino acid monomers, which are chemically linked together to form polypeptide chains. The chemical links are mainly amide bonds that are stable but can be degraded using strong acids. Proteins have a secondary structure of a-helices and b-sheets and a threedimensional tertiary structure where a-helices and b-sheets fold into compact globules that interact with the surfaces of other globules, forming a quaternary structure (Fig. 6 ). Physical and chemical properties of proteins are inuenced by this complex structure as well as the order and presence of amino acids, as shown in Fig. 7 .
The structure of protein molecules can be determined using methods such as crystallography, nuclear magnetic resonance (NMR) and infrared spectroscopy (IR). Besides these, methods such as atomic force microscopy (AFM) have shown to provide valuable information on the structure of modied proteins.
53,58
Soy protein is a combination of about 18 different amino acids that include functional groups such as -OH, -NH 2 , -COOH and -SH. Each one of these functionalities are polar in nature, which leads to water sensitivity of soy proteins. The major components of soy protein are 7S globulin (b-conglycinin) and 11S globulin (glycinin), and minor factions 2S and 15S. S stands for Svedberg unit that describes sedimentation rate. The effect of the ratio of 7S and 11S has been studied previously for physicochemical properties of soy protein adhesives. Hydration capacity is found to be better for systems with more 7S. 59 The water solubility of soy protein is affected by pH. The minimum solubility is at pH 4.2-4.6, which is the isoelectric region of soy proteins taken as a whole. 57 At the isoelectric point, the concentration of the ammonium ion (NH 3 +-CHRCOOH) equals that of the carboxylate ion (NH 2 CHRCOO À )
in the amino acids. Zein, the main storage protein of maize, on the other hand, has a high percentage of non-polar amino acids (leucine, alanine and proline), making it one of the few hydrophobic water-insoluble biopolymers.
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Although soybean protein is the most widely studied protein for use in wood adhesives, partly due to support from American United Soybean Board, other proteins have shown interesting qualities for wood bonding. The properties of other proteins, such as canola, wheat gluten, zein, casein, pea, mussel, whey and cottonseed can differ greatly due to the different composition of amino acid groups. This different composition can give adhesives produced with their unique properties such as the higher water tolerance of mussel proteins. 60 Due to the high cost of mussel adhesives as compared to other wood adhesives, other approaches have been taken. As an example, soy proteins have been modied to resemble mussel proteins to increase moisture tolerance.
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The basic structure and denaturation mechanism of other proteins are similar to that of natural soy protein, although reaction to denaturation chemicals can vary among proteins. Wheat gluten is readily available as the by-product of starch production for bio-ethanol. It is also extracted from wheat our to produce gluten-free products. Gluten is mainly used in the bakery industry. Wheat gluten is a hydrophobic protein due to its high amount of non-polar amino acids. Its isoelectric point is 7.3, and it is dispersible in alkali and acid but not in water. Wheat gluten consists mainly of storage protein that can be divided into two groups: glutenin (elastic properties) and gliadin (viscous properties), the former being dispersible in acids or bases and the latter being soluble in alcohol. Rest of wheat gluten is polysaccharides, lipids, and minerals. Wheat gluten is more hydrophobic than soy protein. Wheat gluten, as well as hydrolyzed gluten proteins have been studied as adhesives for wood-based panels.
53,62,63
Starch
Starch is a polysaccharide derived from the seeds, roots and leaves of plants. It acts mainly as the energy storage unit of plants and can be found in large quantities in corn, wheat, potato, rice, tapioca and sago. In pure form, it is insoluble in cold water. Starches can be dry roasted in the presence of an acid catalyst to form dextrins. Depending on roasting time, dextrins can be divided into white dextrins, canary (yellow) dextrins and British gums. Unlike starches, dextrins are soluble in water, and the viscosity of dextrin solution is easier to adjust than that of starches. Starch consists of glucose units joined by glucosidic bonds. The two fractions of starch are amylose and amylopectin. Amylose is a linear helical chain molecule composed of a-(1,4)-bonds and amylopectin is a branched molecule composed of the same a-(1,4)-linkages except at the branch point, which are a-(1,6)-bonds (Fig. 8 ). Amylopectin and amylose are assembled to form semicrystalline granules. The size and shape of the granule and amylose/amylopectin ratio vary among plant species from which the starch is obtained. 64 Also, molecular weights of amylose fractions greatly affect the nal properties of different starches. Technically, if not economically, it is possible to fractionate linear and helical amylose and branched amylopectin by, for example, using methanol and butanol solvents according to Schoech's preferential precipitation method. 65 Methods used for starch analysis include X-ray diffraction (XRD), TGA, and DSC, as for other bio-based materials. Additionally, titration to determine amylose content is important, as the amylose-amylopectin ratio greatly affects properties of starches.
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The Stein-Hall process in the 1930s was the rst major commercial process for producing starch adhesives for corrugated boxes. A gelatinized starch adhesive, the carrier, is formed in the rst cooking phase. In the second phase, the carrier is mixed with starch, water, and borax to form the nished adhesive. 68 This combination of gelatinized and un-gelatinized starch forms together with a good corrugating adhesive is still important in the packaging industry today. Starch has a large number of glucosidic and hydroxyl groups spread across the polymer chain, which due to their polar nature, have high hydrogen-bonding capability. They are also very hydrophilic, making water resistance of native starch adhesives poor.
69
Starch also has relatively low bonding strength, making it unsuitable for wood-based panel products in its native form. Thus, starch needs to be highly modied or cross-linked when used in the wood industry. The main types of modications for starch-based adhesives are chemical, physical, enzymatic and genetic. 70 The main chemical modications, oxidation, esterication and etherication, have been reviewed previously 67 and are presented in Fig. 9 . Starch adhesives have very high viscosity due to entanglement of high molecular weight macromolecules. High viscosity makes it very difficult to use them for industrial applications. One way of reducing viscosity is by decreasing the number of entanglements per chain by adding small molecules to swell the polymer network. Another method is by shear renement. The molecules orient themselves under ow, which decreases the number of entanglements in polymer melts. 
Development of bio-based adhesives for WBPs

Lignin
Lignin-based adhesive systems have been the subject of several reviews. 15, 72, 73 Self-bonding properties of wood particles and improvement of those by enzyme treatment has been well reviewed in literature. 43 Kai et al., 74 in their review paper, discussed potential lignin functionalization for the development of sustainable materials such as biopolymers as reinforcement llers, antioxidants, UV adsorbents, antimicrobial agents, carbon precursors and biomaterials for tissue engineering and gene therapy. Recently, Zhao et al. 75 and Wen et al. 76 have reported the fundamental understanding about lignin solubilization using small-angle neutron scattering (SANS) and nuclear magnetic resonance (NMR) and it will be a very useful tool for analysis of functional lignin for adhesive synthesis.
5.1.1. Partial and total replacement of phenolformaldehyde adhesives. Lignin has been primarily used as partial replacement of phenol in phenol-formaldehyde (PF) resins for plywood production. The chemical structure of lignin lowers the reactivity of the resin, which is a disadvantage in applications where fast curing times are desired. Danielson and Simonson 77 report that although 50% of kra lignin as a replacement for PF resin could give good results regarding resin viscosity, storage stability and bonding ability, the pressing time had to be raised by 30%. Although no difference in plywood bonding is detected between commercially mixed lignin from black liquor and lignin from other wood species (bamboo, eucalyptus), only 15% phenol can be replaced by lignin without affecting bond properties.
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Lignocellulosic ethanol residue (ER), which is the by-product of lignocellulosic ethanol production and rich in active lignin, has also been studied. 79 Best results are obtained with the replacement of 30% and 50% of phenol and the exterior grade plywood produced thereof fulls the relevant Chinese standard. ER shows a good potential as it has a lower content of polysaccharide, higher content of hydroxyl groups and lower molecular weight than conventional technical lignin. Alkaline, de-alkaline, and sulfonate lignin are liqueed in phenol with H 2 SO 4 or HCl catalysts and used to produce resol type PF resins. 80 The resins can be prepared at lower temperatures and in shorter times and have higher reactivity than normal PF resin. Biorenery-based technical lignin has also been used in preparing lignin-phenol-formaldehyde synthesis for wood based panel applications. [81] [82] [83] Zhao and Abu-Omar 84 have performed lignin modications through deprotection, phenolation and phenol-formaldehyde reactions and have successively improved the uniformity and mechanical and thermal properties of bio-based thermosets.
The presence of guaiacyl-type (G) units in both lignins conrms that both lignins have potential active sites for polymerization (Fig. 10a) , similar to phenol-formaldehyde condensation reactions (Fig. 10b) : phenol structure has three reactive sites, 2-, 4-and 6-positions, and typical lignin structure has 1 reactive site, 3-position. The second stage of the reaction involves the reaction of methylol groups with other available phenol or methylolphenol, leading rst to the formation of linear polymers and then to the formation of hard cure and a highly branched structure.
The similarity between G-type unit of lignin and phenol (Fig. 10a) reveals that lignin can also react with formaldehyde and can be cross-linked with formaldehyde in the same way as in phenol-formaldehyde condensation reaction, as shown in Fig. 10b . Thus, the free 3-position of G-type units in both lignins give signicant values compared to the S-type unit, which has both the 3-and 5-position attached to the methoxyl group, preventing the occurrence of a polymerization reaction.
5.1.2.
Lignin-furfural resin system. In the lignin-furfural resin system, lignin and furfural are proposed to replace phenol and formaldehyde used in PF resins, respectively.
86 Lignin and furfural are reacted in acidic conditions. The proposed mechanism of lignin-lignin condensation and lignin-furfural condensation is shown in Fig. 11 . In high acidic conditions, C2 and C6 carbons of phenylpropanoid units provide high electron density, which make them reactive sites for electrophilic substitution. A carbonium ion at the b position is also formed under acidic conditions by proton-induced elimination of water (ether) from the benzylic position. The cleavage of the b-ether linkage in the b-O-4 structure results in the carbonium ion reacting further to form Hibbert ketones, analogous to an acidolysis reaction. This may lead to competing reactions of depolymerization and repolymerization of lignin. 89 In this case, part of the reaction with formaldehyde is carried out before adding lignin to PF resin. In the main Lederer-Manasse reaction, hydroxymethyl groups are incorporated into lignin aromatic rings to increase reactivity of the molecule. Unwanted side-reactions (Cannizzaro reactions) occur when formaldehyde reacts with itself, thus increasing formaldehyde emissions. Alonso et al. 36 have studied different lignosulfonate samples and have noted that those from sowood showed better characteristics for methylolation than from hardwood due to the higher number of aromatic protons in their structure. The reactivity of lignin in methylolation also depends on the pulping parameters, pH, temperature, and pressure. Premethylolated lignin reacts by creating highly effective crosslinks by simultaneous creation of methylene bridges and urethane bridges 89 and has shown to have higher reactivity than unmodied lignin.
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Phenolated organosolv LPF resins are proved to perform better (e.g. improved hardening time) than resins with addition of unmodied lignin. 92 In this case, the adhesive is formed in two steps. In the rst step, the lignin is allowed to react with phenol to increase the number of potential reactive sites. The phenolated lignin is then combined with formaldehyde. Up to 30% of phenolated organosolv lignin can be used to replace phenol and produce particleboards with mechanical properties comparable to those of particleboards bonded with PF resin. 93 It is shown that 50 wt% of phenol can be replaced by phenolated lignin from sources such as eucalyptus bark lignin, 94 bagasse alkali lignin 95 and groundnut shells 96 and still improve adhesion strength on teak wood specimens compared with PF resins. According to these ndings, the phenolation step before polymerizing LPF resin is critical in order to successfully increase lignin portion of the nal resin. In that respect, lignin concentration, formaldehyde-to-phenol molar ratio, catalyst concentration, reaction time and reaction temperature are optimized.
94
As methyl groups of methoxyl groups block potentially reactive aromatic hydroxyl groups, reactivity of lignin and its ability to form crosslinks can be improved by demethylating lignin aromatic rings. Demethylation can be done chemically or enzymatically (e.g. laccase, peroxidase). 97 Laccase reacts on phenolics via non-specic oxidation reactions. Oxidative degradation is also an established method of depolymerization of lignin present in residues from pulp mills. However, an oxidation step leads to additional cost and a signicant increase in lignin reactivity cannot always be guaranteed. 98 Various fungi can be potentially used to modify lignin. Brown-rot fungi can demethylate lignin and partially oxidize side-chains. 102 have used glyoxalated lignin from kra and organosolv processes (from wheat straw) and mimosa tannin. Tannin is oen a more reactive substitution for phenol but it is also less available and more expensive. A higher internal bond strength is obtained for boards glued with a 40/60 lignin/tannin adhesive. Combinations of glyoxalated wood and wheat-straw lignin with MDI and mimosa tannin adhesives are also reported and the results are highly dependent on MDI amount. When combined with MDI, low molecular weight lignin performs better than high molecular weight lignin. 103 Adhesives for particleboards and plywood with 94% content of natural origin are produced from wheat-straw derived organosolv lignin, glyoxal, tannin and hexamine. A minimum of 45% tannin is required for an acceptable internal bond strength of boards. 104 Finally, a total replacement of PF resin with lignin and glutaraldehyde has been attempted; glutaraldehyde is a dialdehyde that can be obtained from natural sources. The resins produced from industrial organosolv lignin (from sugarcane bagasse) and soda/AQ lignin (from Miscanthus bers) with glutaraldehyde are analysed with SEC and 31 P-NMR and their composites are produced. The composites containing these resins and sugarcane bagasse bers show better impact and exural strength when compared to composites with pure PF resin.
38 Table 4 shows the latest literature about lignin-based adhesives and their application in WBPs.
Another very interesting aspect has also emerged in the area of lignin self-crosslinking. 105, 106 The in situ treatment of wood bers with laccase shows distinct increases in molecular weight of lignin directly due to formation of lignin covalent interbonding, as shown in Fig. 12 .
106 Fabrication of MDF using this process has been reported in various articles, [106] [107] [108] and this area is continuously developing towards industrial-scale production.
Recently proposed as shown in Fig. 13 .
Tannin
5.2.1. Commercial and most common tannin adhesives. Commercial tannin-formaldehyde applications already exist and several reviews on the use of tannin as a wood adhesive can be found in literature. 89, 110 Currently, tannins are not available in large enough quantities to compete with synthetic adhesives in most parts of the world. Only South Africa and South America have enough availability for local tannin production (e.g. from quebracho) needed for utilization as adhesives. It should be noted that tannin-based adhesives typically give particleboards with better water and moisture tolerance compared to those given by UF resins. Although most commercial applications and studies focus on condensed tannins due to their higher reactivity, some studies have been done on the use of hydrolysable tannins as wood adhesives. They react through their low reactivity meta-sites, but it is still possible to substitute a large amount of phenol in PF resins by hydrolysable tannins.
111
It has been mentioned already that tannin has been used together with lignin for different types of wood adhesives. If no formaldehyde is used, lignin can be glyoxalated before mixing with tannin and a hardener (e.g. hexamine). The formaldehyde emissions of particleboards glued with the studied mimosa tannin and glyoxalated wheat straw lignin according to EN 717-3 is 0.92-1.12 mg kg À1 . 100 Also, other bio-based materials are suitable to be used with tannins to form adhesives. For example, corn starch-mimosa tannin with hexamine as the hardener has been used as an adhesive for plywood. One improvement and research area on starch-tannin adhesives is the reduction of high viscosity that limits their industrial possibilities.
112
Tannin adhesives due to their phenolic nature have very low formaldehyde emissions. The emissions have been even further reduced by using non-emitting hardeners or by using tannins that are cured by auto-condensation in the absence of aldehydes. 89 The autocatalytic hardening can occur in highly reactive tannins, such as in procyanidins, without the need of an external catalyst. For slower-reacting tannins, such as prorobinetinidins, autocondensation occurs when a small amount of alkaline SiO 2 is present at high pH.
113
In auto-condensation, the O1-C2 link of the avonoid repeating unit is opened, which then drives auto-condensation between the reactive C2 of the open chain and free sites in C6 or C8 of the avonoid unit in another polymer chain. Autocondensation can also occur at room temperature at higher pH, increasing the viscosity of the tannin adhesive. Different tannins have different auto-condensation behaviors and require different pH, e.g. for mimosa tannins, auto-condensation occurs at alkaline pH (ref. 114 ) and for Acacia Nilotica spp. Tannins, at their initial acidic pH.
115
Increasing tannin content in PF-tannin adhesives reduces formaldehyde emissions proportionally. However, high concentrations of tannin in PF resins lead to higher viscosity and shorter pot lives, because tannins are more reactive than phenol towards formaldehyde due to resorcinol and/or phloroglucinol rings in their structure. 113 Jahanshaei et al. 116 replace up to 30% of phenol in PF with condensed Quercus castaneifolia bark tannin. Replacement above 30% deteriorates mechanical properties and increases water absorption and swelling thickness of particleboards. Valonea tannin (VT)-modied phenolformaldehyde resin has been prepared by Li et al. 117 via copolycondensation mechanism; FTIR and 13 C NMR analytical results conrm that VT is composed primarily of galloyl groups, hexahydroxydiphenol groups and glucose. Table 4 shows some latest literature about tannin-based adhesives and their application in WBPs.
Alternative crosslinking agents.
To produce low-and non-emitting tannin wood adhesives, different crosslinking agents have been used and compared with formaldehyde. Even though formaldehyde provides faster curing than the alternative crosslinking agents, the pot life is extremely short. Thus, formaldehyde has been discarded as a crosslinker at least for the more reactive tannins, such as chestnut tannins. According to study by Vázquez et al., 118 glyoxal has the second shortest pot life, followed by hexamine and tris(hydroxylmethyl)nitromethane. Basso et al. 119 have reported for the rst time a reaction of catechin and polyavonoid tannins with TEP, leading to polymerization and cross-linking. The FTIR, MALDI-ToF, 31 P-NMR and 13 C-NMR analyses reveal that the reaction takes place mainly on the C3 of the avonoid heterocycle ring and on the aromatic C4 0 and C5 0 carbons of the avonoid B-ring.
Hexamethylenetetramine (hexamine) has been used as a cross linking agent (hardener) for tannin adhesives since the 1950s, when it could only be used for interior particleboards due to moisture sensitivity. Unlike formaldehyde, hexamine cannot react with tannin unless intimately mixed with it or unless it decomposes to formaldehyde and ammonia, in which case the panel properties are further lowered. It has been proven that with very reactive nucleophilic sites, such as those of highly reactive phenols (tannin), amines, amides or anions, hexamine is not a formaldehyde-yielding compound. This is because slow hexamine decomposition forms reactive imines that react very fast with nucleophiles and do not allow hexamine to reach its nal decomposition products of ammonia and formaldehyde. 120 Hexamine was used as a hardener for tannin adhesives used in industrial panels produced in Chile during 1993-2002. The good potential of tannin adhesives for industrial use have been reported by Valenzuela et al. (2012) .
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Methylolated nitroparaffins, such as the simplest and least expensive tris(hydroxymethyl)nitromethane (TRIS), function well as crosslinking agents for tannin adhesives. It has been shown to lower formaldehyde emissions and increase pot life when used as a proportional substitution of other hardeners for tannin adhesives.
122 However, it also requires much higher curing temperatures than other hardeners. 118 Other curing agents, such as fatty amides based on vegetable oils, have also been tested as crosslinkers for tannin adhesives. Patel et al. 123 have tested N,N-bis(2-hydroxyethyl) fatty amide (HEFA) from Karanja oil and rice bran oil as cross-linkers for tannin. H 2 SO 4 , NaOH, and NH 4 Cl are used as curing catalysts. NaOH gives slightly lower joint strength for both rice bran oil and Karanja oil. The increase in HEFA content increases chemical resistance, tensile strength and impact strength of the bonded joints. HEFA from Karanja oil gives slightly better results, because the reactivity of methylol groups in it is higher than in rice bran oil. Recently, it has been reported that a suitable mixture of tannin and EPL (30% tannin and 13% EPL) gives an adhesive that passes the EN 314 class 1 standard, with respect to both water resistance and adhesive strength. 124 A chemical route for possible crosslinking of tannin and protein has also been proposed, as shown in Fig. 14. 
Soy protein
A detailed review on the use of soy protein as wood adhesive can be found in literature. 16, 56, 57, 125 The use of soy protein as an adhesive dates back to the ancient times but its commercial use in plywood production began only in the 1930s. 126 Back then, soy protein adhesives were used for wood and paper and as binders in coatings and paints. The soy proteins used as plywood adhesives were typically denaturized by caustic treatment. The products had typically short pot lives, poor biological stability, low solid content, slow pressing times and very poor water resistance, which limited them to mainly interior applications. 127 In the 1960s, most soy-based adhesives were replaced with synthetic adhesives, such as phenol-formaldehyde (PF) and urea-formaldehyde (UF) adhesives.
The new developed soy adhesives have higher moisture tolerances and are stronger than those known before the 1960s. As a wood adhesive, soy protein is inexpensive, easy to handle, has low pressing temperatures and can bond wood with relatively high moisture content. However, soy protein adhesives have high viscosities and short pot lives and the wood composites bound with them have relatively low strength, low water tolerance, and are sensitive to biological degradation.
14 Protein adhesives are also quite sensitive to changes in temperature, pH, ionic strength and pressing conditions. The adhesive properties highly depend on protein content. 128 The high viscosity of soy adhesives can be lowered by using low solids' content or by hydrolysis of the protein. Hydrolysis breaks the protein macromolecules into small fragments, which also leads to inferior bond strengths. Hydrolysis can be done using hot caustic or enzymatic treatment reactions. 129 Another less evaluated aspect of using soy adhesives is in particleboards produced from straw instead of wood. Soy protein adhesives have been proposed to be more suitable than formaldehyde based adhesives for most straw boards since the straw surface is hydrophobic due to silica and wax components. To use a protein as an adhesive, denaturation is necessary to expose more polar groups for solubility and bonding via hydrogen bonds.
128 Denaturation is a term for a modication that changes the secondary, tertiary or quaternary structure of the protein molecule without breaking covalent bonds. This process uncoils the protein and exposes hydrophilic groups for modication reactions. Proteins can be denatured by exposure to heat, acid/alkali, organic solvents, detergents or urea. Research on soy protein isolates has shown that both detergent concentration and the pH value have signicant effects on adhesive strength of modied soy protein isolate.
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It is possible to unfold protein complexes with urea, as its oxygen and hydrogen atoms interact with hydroxyl groups of the proteins and break down the hydrogen bonds in the protein body.
132 Urea at a very high concentration also breaks the secondary structure of the protein, but this can have a negative effect on adhesive properties of the protein. Soy proteins can also be treated with sodium dodecyl sulfonate (SDS), sodium dodecyl benzene sulfonate (SDBS) and enzymes to break apart the quaternary protein structure while still retaining some part of the secondary structure. 133 Guanidine hydrochloride (GuHCl) can also denature protein. In a berboard study by Zhong et al., 134 the best GuHCl concentration for denaturing soy protein isolates (SPIs) is 1 M. Increasing pressing temperature is the major physical method to cause denaturation of protein molecules, and temperatures above 75 C can cause further denaturation of SPI.
134
Sodium hydroxide has been shown to denature higher molecular weight soy protein better than sodium carbonate. Aer denaturation, it is important to stabilize the protein by adding, for example, formaldehyde and phenol. Some crosslinking in the protein occurs aer the addition of formaldehyde. The reaction between soy our and formaldehyde and the possibilities to replace PF resins has been studied by Lorenz et al. 135 using gel permeation chromatography. The chemical modication of soy proteins is shown to increase its adhesion properties, but such methods oen require the use of more expensive SPIs. Maleic anhydride (MA) is one way to modify soy protein. It reacts more readily with amino groups than with hydroxyl groups in the soy protein. However, this modication alone does not increase dry shear strength or water tolerance enough. Combining MA-graed SPIs with polyethyleneimine (PEI) has been noted to improve adhesive performance. The highest shear strengths in the tested plywood samples are achieved with 20% PEI content. 136 The particleboard pressing conditions for soy our-PEI-MA-NaOH adhesives are optimized by Gu and Li. 137 The largest increase in MOR, MOE and IB is detected when the temperature is increased from 160 C to 170 C. Above this temperature, only minor changes are detected in MOR. Thus, for SF-PEI-MA-NaOH adhesive, the pressing temperature of 170 C and pressing time of 270 s for a 17 mm three-layer board is found to be the most desirable. Poly(glycidyl methacrylate) (GMA) contain both methacrylic and epoxy groups that react readily with many different functional groups. Graing GMA into canola protein has been shown to be possible and is known to increase adhesive strength and water tolerance of the adhesive when tested on veneer sheets. 58 Table  4 shows some latest literature about soy protein based adhesives and their application in WBPs.
Soy protein has also been tested in polyketone-based veneer adhesives. High molecular weight polyketones show many interesting properties such as biodegradability; photodegradability; chemical resistance to acids, bases and solvents; and stability against electrolytic corrosion. Replacing some of the polyketones with soy protein does not affect the performance of the wood adhesive and it is also economical due to the lower price of soy protein.
138
Proteins from different sources react differently to modi-cations and additives. For example, in a study by Cheng et al., 139 cotton seed protein adhesive has been found to benet from modiers with anionic charge in them (e.g. glutamic acid, acetic acid, butyric acid), while no positive change is detected in soy proteins adhesive formulations. Similarly, it has been found that adhesive properties and water resistance of soy protein isolates is signicantly better than that of wheat gluten protein aer alkali modication.
140 Lignin-modied soy protein adhesives with improved mechanical and water resistance properties have been reported by Pradyawong et al. 141 The water resistance of soy adhesives is also improved by the addition of soy-oil based waterborne polyurethane. The cross-linking reaction of soy protein with formaldehyde is oen easily reversed unless an excess amount of formaldehyde is used. The non-co-polymerized soy adhesive remains water soluble aer curing and it is sensitive to moisture. Researchers have been using various methods to increase the water tolerance of high-soy-protein-content adhesives, basically by proper denaturation, stabilization and crosslinking reactions. Wescott et al. 127 have focused on overcoming this problem by denaturizing, modifying and co-polymerizing soy our. Aer denaturation, the functional groups are stabilized through reaction with formaldehyde. Formaldehyde prepares the soy our for copolymerization and it reduces biological degradation of the nal product. However, this reaction of formaldehyde with some amino acids yields cyclic structures, preventing amino acid from being incorporated into the polymer backbone. 110 Historically, replacement of synthetic resins partially with soy protein has shown to decrease reactivity of resin and increase viscosity compared to synthetic adhesives. Adding soy protein as a modier to UF resin is not found to reduce formaldehyde emissions.
143 When compared to 100% soy adhesives, the properties are however improved when combining cheap soy our with a synthetic adhesive such as MUF and UF. In soy-MUF adhesives, methylene bridges are formed between soy and MUF molecules. It is found that the addition of MUF increases water tolerance and wet shear strength of soy adhesives, but MUF content has to be above 20% for the adhesive to pass the three-cycle water-tolerance test.
144
Using soy proteins to partially replace PF adhesives is problematic, since the amine groups of soy proteins do not react well under basic conditions of PF formulations. 110 Wescott et al.
127
have used soy-PF resin containing 40% soy in the production of strandboards showing good water tolerance properties, even withstanding 2 h of boil tests. Based on water extraction and elemental analysis results, 55-86% of previously water-soluble soy our is converted to water-insoluble material through copolymerization with resole PF resin.
Different crosslinking agents.
The most commonly used crosslinking agents for soy protein adhesives are polyamides. However, since polyamides oen have low solid content and high viscosity, alternative curing agents have also been studied in the literature. Interior plywood panels have been made from soy our using a new curing agent obtained from reaction of epichlorohydrin and ammonium hydroxide in water. The water resistance is improved by addition of NaOH to the adhesive formulation.
145 Polyamidoamine-epichlorohydrin (PAE) resin, commercially known as Kymene 557H, has been tested as a crosslinker for soy proteins. PAE has a functional group of hydroxyl-azetidium (cationic four-membered ring structure) that can react with carboxylic acid groups and with amino groups in PAE and in soy protein, forming a threedimensional water-insoluble network. An SPI-Kymene adhesive studied by Li et al.
14 gives light-coloured glue lines and shows good potential. The high price of SPIs, however, makes these adhesives cost-ineffective and soy our is a more economical solution. Soy protein adhesives have also been used in the "honeymoon" process, in which hydrolyzed soy protein and phenol-resorcinol-formaldehyde (PRF) are applied to each end of two nger-jointed boards. This process requires that the two components be kept separately as premixing would lead to extremely short pot life. 135 Hydrolyzed gluten proteins have been tested for manufacturing particleboard adhesives. Combining them with pMDI or tannin using hexamine hardener produces adhesives with high natural content and no aldehyde emissions. The pMDI content in pMDI/gluten adhesives have to be over 30% if viable pressing times are desired. Glutenformaldehyde resin, alkali-treated gluten, and gluten-glyoxal resin have been tested. 62 Yuan et al. 146 have recently prepared a cross-linked soy adhesive; they use a 2-step process consisting cross-linking soybean soluble polysaccharide in soybean meal and then conjugating soy protein.
Soy protein is modied by alkaline calcium, the active hydrophilic groups chelated with calcium or ions to form insoluble calcite or aragonite crystals. During the adhesion process with wood substrate at high pH, the modied soy protein formed ionic bonding. 147 A schematic model for the adhesive phenomenon (Fig. 15 ) has been proposed, and it is adopted from naturally occurring biomimetic hybrid adhesives in gecko and mussel adhesion.
Starch
The adhesive bonding strength of natural starch is not strong enough to glue wood, and the amount of research done is not as great as for some of the other bio-based adhesives. Most recent starch adhesive research focuses on replacement or extender for solid wood dispersion adhesives to reduce material cost and increase viscosity. 148, 149 The studies on the use of starch as a wood adhesive have focused on corn starch in starch/polyvinyl alcohol, 150 starch/isocyanates 151 and starch/tannin 71 adhesives. Also, rice, rye, wheat and potato starch have been evaluated for use in particleboards. The adhesive properties of starch vary greatly depending on where it is derived from.
64,66
Starch adhesives rely on hydrogen bonding forces, which are much weaker than chemical bonds. They also easily form hydrogen bonds with water molecules, leading to poor water resistance. Higher bonding strength and better water resistance can be achieved by crosslinking starch using crosslinking agents such as sodium borate, epoxy chloropropane, hexamethoxymethylmelamine, formaldehyde, and isocyanates.
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Starch is not soluble in water and it is easily precipitated due to the high amount of intra-and intermolecular hydrogen bonding. Thus, starch adhesives tend to crystallize upon drying, resulting in reduced contact area and loss of adhesion when used for veneer gluing in plywood manufacturing. Crystalline particle formation of starch chains can be disrupted by heating in water. First, in this gelatinization, the heating breaks hydrogen bonds in the starch helices, allowing water to penetrate into the structure. Starch paste is formed when the heating is continued with excess water. The paste consists of dissolved amylose and starch granule fragments (D'Amico et al., 2010).
Other modications to open tightly bound starch granules are acid treatment, alkali treatment, derivatization, oxidation and enzyme treatment. 152 Chemical, physical, enzymatic and genetic modications of starch for different applications have been thoroughly reviewed by Kaur et al. 70 Wang et al. 153 have studied the inuence of starch hydrolysis on various characteristics of starch-based wood adhesives. Up to two hours of acid hydrolysis improves graing reaction and reduces steric hindrance of adhesives. Two hours of acid hydrolysis of starch can inhibit retrogradation of starch molecules by preventing starch chains from re-arranging and locking water molecules in the adhesive system. 5.4.1. Crosslinking and other modications of starch. Crosslinking of starch is possible with isocyanates (such as pMDI) to improve wet and dry bonding strength of plywood.
154
Isocyanates readily react with various functional groups, such as hydroxyl, amino and carboxyl groups. They have good bonding properties, water and aging resistance, no formaldehyde emissions, and are adaptable to various applications. However, isocyanates are very expensive and need to be used in stabilized form due to their high reactivity towards moisture. Extra precaution in the production environment is also required due to health risks of isocyanates in pre-cured state.
Another universal synthetic adhesive/crosslinker that can be used as a crosslinker of starch and other bio-based adhesives is epoxy resin. Epoxy resins have been tested mainly for veneer gluing, e.g. in combination with polyvinyl acetate (PVAc) graed starch adhesives. Epoxy groups form three-dimensional networks that provide good shear strength in both dry and humid conditions.
152
An innovative starch-based adhesive has been formulated by the addition of a silane coupling agent (CH 2 ]CH-Si (OC 2 H 5 ) 3 , A-151, as a cross-linking agent), an olen monomer (butyl acetate and vinyl acetate as a co-monomer) and hydrogen peroxide (as an oxidant).
155 Fig. 16 shows the reaction pathway for the synthesis of this starch-based adhesive.
A starch/PVOH adhesive has been studied for birch veneers and the production conditions have been optimized accordingly. 156 Hexamethoxymethylmelamine is found to be an effective crosslinker through transetherication reactions between the methoxy groups of the crosslinker and the hydroxyl groups of wood, starch and PVOH. Furthermore, latex is found to increase moisture resistance properties of starch. Crosslinking of starch with PVOH and the presence of latex also prevent microbial growth on the adhesive. Additives, such as citric acid, can be added to the starch/PVOH adhesives to potentially increase adhesion. 157 Oxidized corn starch/PVA copolymers with silane coupling agent have also given good results when used as solid wood adhesives. 155 Sucrose molecules are relatively small compared with amylose and amylopectins of starch and extremely soluble in water. It has been proposed that sucrose can form hydrogen bonds with longer molecules of starch. Sucrose is caramelized at 160 C and the bonding strength of the starch/sucrose adhesive for plywood is found to increase greatly above this temperature. Although sucrose increases the bonding strength for plywood when combined with starch, the best results are achieved when sucrose/tannin (20/80 wt%) is combined with NaOH and tannin. NaOH and high temperature are supposed to catalyse starch and sucrose interactions. Starch can be denatured with NaOH to create less organized agglomerates that are more soluble in water and more easily penetrable to wood. 158 Zheng et al. 149 have studied the effects of starch heat pre-treatment at 70, 80 and 90 C on gra copolymerization reaction with vinyl acetate (VAc) and the performance of the resulting starch-based wood adhesive (SWA). For low density particleboards, self-expanding cassava sour starch adhesive has been tested in a more recent study. Chitosan in propionic acid solution is added to the starch solution, before bres and glycerol are added to the mixture. The panel properties of this preliminary study are promising. 5.4.2. Additives to starch adhesives. As mentioned before, crosslinking and graing of starch adhesives improve their properties. Thus, additional additives, such as nanoparticles and nanoclays, have been tested for starch-based adhesives. Silica nanoparticles and nanoclays have shown to increase the properties of polymer materials due to their small size, high surface energy and unsaturated chemical bonding on the surface. One example of this type of additive is montmorillonite (MMT), which is a nanolayered silicate belonging to the smectite clay family. It consists of two silicate layers and one aluminium layer between them, and this structure has the ability to swell and absorb water. Li et al. 160 have studied the effects of adding MMT to their previously developed 161 vinylacetate graed corn starch adhesive. Adding MMT to starch up to 5% (w/w) increases the shear strength of glued solid wood pieces (industrial standard of HG/T 272-1995) at room temperature and signicantly increases thermal stability of the adhesive. Above 5% MMT content, the properties of the adhesive start to decrease. These results are in line with previous nd-ings, 162 showing that nanoparticles can increase thermal stability, rheological properties, bonding strength, and water resistance when added to vinyl acetate graed on corn starch.
Borate additives can form inter-chain linkages through a borate anion structure, and their introduction into starch has shown to increase its bonding ability and resistance to biodegradation. Cyano functions induced by these additives can form a donor-acceptor bond with the contacting phase and increase attachment of low surface energy polymers, such as starch. Derivatives of starch hydroxyl groups by cyanoethylation disrupt starch crystallites, causing starch to be easily dispersed in water. Nwokocha et al. (2011) 163 have studied the performance of a cyanoethyl cassava starch adhesive by varying the amounts of cyano groups, solid content, pH and environmental moisture conditions. It is found that the adhesive strength is dependent on the degree of substitution. However, this cyanoethyl starch adhesive has poor moisture tolerance. 163 Chen et al. 164 use a silane coupling agent (KH570) as an additive to improve bonding performance and water stability of a starchbased wood adhesive. Sun et al. 164 have proposed a new method of preparing a cassava starch-based wood adhesive with high performance using hydrogen peroxide, acrylamide, butyl acrylate (BA) and an organic siloxane as an oxidant, hard comonomer, so co-monomer and crosslinking agent, respectively.
5.4.3. Other carbohydrates. Another carbohydrate worth mentioning, even if very little research has been done on it, is chitosan. Chitosan is obtained from chitin of shells by alkaline deacetylation, and it is the sole cationic polysaccharide. It is composed of mainly (1,4) linked 2-amino-2-deoxy-b-D-glucan and is soluble in acidic solutions but insoluble in alkaline solutions. Chitosan has been studied as a chitosan-phenolicslaccase system for veneer 165 and in different formulations with glycerol on solid sowood pieces. 166 Although the results promise adhesive possibilities for chitosan, a lot more work is required before conclusions can be made. 166 
Outlooks and future propsects
Bio-based adhesives provide a sustainable solution to indoor air quality and formaldehyde concerns. All adhesive raw materials discussed above can signicantly reduce emissions (formaldehyde and VOCs) when replacing UF and MUF adhesives currently used in wood-based panel industry. At the same time, they can help the industry be less fossil-fuel dependent. However, bio-based adhesives suffer from several different issues that hinder their usage industrially. Be it availability for tannins, lack of adhesion for starches, poor water resistance for hydroxyl group enriched materials or viscosity for longmolecule chain polymers. Some of the main performance points are presented in Table 5 .
Tannin differs from other bio-adhesives. It provides good adhesion and can be used to make panels with higher moisture tolerance. Thus, its main advantage is that it does not need any reinforcement from synthetic petroleum-based adhesives, while suitable crosslinkers have already been identied at both lab and industrial scale. As tannin is highly reactive with short pot life, the purpose of new crosslinkers is to be less reactive than formaldehyde. Thus, hexamine, glyoxal, and tris(hydroxylmethyl)nitromethane are well suited for tannin-based adhesives, but rarely can be used for other bio-based adhesives for panel production. 113, 118 Even if extraction methods are developed, tannin extraction rates are not economically protable for most wood species because tannins are not globally available for industrial use. Additionally, tannins have high viscosity, a dark colour and varying composition that depends on the species, growth conditions and time of harvesting. 51 The modications of tannins focus on decreasing viscosity for easier handling, increasing pot life and on creating better crosslinking. 113 In regions where tannin is readily available, tannin provides an industrially viable alternative for synthetic wood composite adhesives. For the other bio-based adhesives, a common problem seems to be exist based on all the research done so far: a lack of economically viable crosslinkers for biobased adhesives that would increase reactivity, mechanical properties, and humidity stability.
For lignin adhesives, the main problem is their extremely low reactivity, that leads to long pressing times and thus increased production costs in panel manufacturing. Pressing factors mentioned in the literature (+30 s mm À1 ) are three times higher than what is even considerable for lab scale particleboard testing. The industrial success in using these materials has therefore been small, though lignin has probably been the most intensely researched raw material for wood adhesive applications. 89 Most of the research has been done on industrial lignin from pulping processes. Best results have been achieved by replacing phenol in PF resins. Industrial lignin has been used to replace up to 30% of synthetic phenol in the nal resin without resulting in unsatisfactory properties of the produced adhesive. Increasing the percentage of industrial lignin in the nal resin has been attempted through different modications, such as methylolation, phenolation, demethylation and oxidation. 72 Use of a combination of tannin/lignin to replace phenol and different crosslinkers to replace formaldehyde has also been reported in literature. 100 Crosslinking agents that have been and can be considered include aromatic aldehydes, glyoxal, furfuryl alcohol, caprolactam, glycol compounds and hexamine. 99 Lignin from biorenery processes have been less researched. These types of lignin are typically closer to their natural form than those from pulping processes. 41 There are plenty unexplored modications and ways to use them as adhesives. However, current methods are not strong enough to increase the reactivity of lignin to the level it needs to be so as to work as a wood adhesive. This is especially true for panels that require fast curing times, such as particleboards and bre-boards. Some effort has been put into turning biorenery lignins into platform chemicals 44 but a cost-efficient way of doing this is still lacking.
Soy protein adhesives, on the other hand, have a promising future. Development of new crosslinkers and curing agents has enabled soy proteins to become commercially available in the North American market. Although they are so far only used in higher cost premium "green" panels, there is further potential due to the relatively low price and wide availability of soy protein as a by-product. They are environmentally friendly, relatively easy to handle, and have low pressing temperatures that enable lower production costs. 137 However, the usage of soy adhesives has long been limited by their low water resistance, sensitivity to biological degradation and relatively low strength of the wood composites bound using them.
14 For all proteinbased adhesives, controlling denaturation and creating good crosslinking in an economical way are the key parameters to create industrially viable solutions.
Starch-based adhesives provide many advantages for solid wood and plywood industries, as they are easy to handle, are low cost and have low formaldehyde emissions. However, the lack of reactivity, bonding strength, storage stability and water tolerance of starch-based adhesives makes them challenging when industrial board applications are considered. Proper modica-tion combined with crosslinking is needed to reach the required bonding strength. So far, no economically viable bio-based crosslinkers are available on the market, and starch adhesives rely on synthetic crosslinkers, such as isocyanates and epoxides.
Developing good properties for bio-based adhesives other than tannin is challenging. Typically, adhesion is heavily hydrogen-bonding dependent, and the cross-linker needs to both increase adhesion and water resistance. Oen there is a desire for the cross-linker to also be bio-based, but as of now, this is not possible mainly for economic reasons. Among the potential synthetic crosslinkers, isocyanates seem to be the most popular for bio-based applications close to commercialization. However, it should be noted and remembered that isocyanates can be used as panel adhesives on their own as well, even though they are expensive in Europe and require alterations in production due to safety issues. For panel production, when isocyanate-containing adhesives are used, special release agents are required to protect the pressing belts. Thus, it seems that in order to nd industrially viable bio-based solutions, adhesive research needs to focus more on developing novel reactive crosslinkers.
The sustainable raw materials mentioned in this article belong to the most researched and well-known ones for biobased adhesives. Our knowledge on the modication of these natural materials has increased and new raw material options have emerged.
